With the climatic changes that have taken place during the last decade, the spectrum of fungal pathogens as well as mycotoxins has considerably changed. As a result, some emerging mycotoxins have been shown to occur frequently in agricultural products. In this study, a sensitive and reliable method for the determination of 10 emerging mycotoxins (beauvericin, enniatin A, enniatin A1, enniatin B, enniatin B1, alternariol, alternariol monomethyl ether, altenuene, tentoxin, and tenuazonic acid) in 12 different food matrices (cereals, legumes, potatoes, meats, eggs, aquatic foods, dairy products, vegetables, fruits, sugars, beverages, and alcohol beverages) was developed and validated. After a simple extraction, a one-step sample clean-up by a HLB solid phase extraction (SPE) column was sufficient for all 12 food matrices prior to analysis with ultra-high performance liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS). Isotope internal standards 13 C-TeA, TEN-d 3 , and 13 C-AFB2 were used for accurate quantification. Validation in terms of linearity, selectivity, sensitivity, accuracy, and precision (intra and inter-day variability) were evaluated for the 10 mycotoxins in all selected matrices. The sensitivity varied from 0.0004 to 0.3 ng mL −1 (limits of detection) and from 0.002 to 0.9 ng mL −1 (limits of quantitation). The recoveries of 10 mycotoxins in fortified samples were from 60.6% to 164% including very low spiking levels in all 12 food matrices, with relative standard deviations (RSDs) less than 12%. The proposed methodology was applied to the analysis of 60 samples collected from five provinces within the 6 th China Total Diet Study with the results discussed in detail. The advantages of sensitivity, accuracy, and robustness made it a powerful tool for emerging mycotoxin monitoring and dietary exposure assessment.
Introduction
Fungi of the genus Alternaria are ubiquitous saprophytes distributed in soil, household dirt, and decaying organic material and can cause the spoilage of fruits and vegetables during transport and storage [1] . It commonly occurs worldwide and infects various cereal crops, oilseeds, fruits, and vegetables such as wheat, sorghum, barley, apples, citrus fruits, tomato, and carrots [2] [3] [4] [5] [6] [7] [8] [9] . categories during cooking. Mycotoxins have been included in several previous national or regional TDSs such as the first and second French TDS [45] , Spanish TDS [46] , Lebanese TDS [47] , Netherlands TDS [48] , Hong Kong TDS, and the fourth [49] and fifth [50] China TDS (38 mycotoxins); however, none of them included emerging mycotoxins.
This study aimed to develop a method to simultaneously quantify 10 emerging mycotoxins (TeA, ALT, AME, AOH, TEN, BEA, ENNA, ENNA1, ENNB, and ENNB1) in 12 different food matrices with good accuracy and precision that was applicable for a total diet study. A sensitive and reliable UPLC-MS/MS method following an optimized solid-phase extraction (SPE) procedure was successfully developed. Ten emerging mycotoxins were completely separated under a 12-min chromatographic gradient elution. After validation, the proposed method was used to analyze 60 samples collected from five provinces within the 6 th China TDS, demonstrating the reliability and broad applicability of the proposed method. The advantages of sensitivity, accuracy, and robustness made it a powerful tool for emerging mycotoxin monitoring and dietary exposure assessment.
Results and Discussion

Optimization of Tandem Mass Parameters
The MS/MS conditions were optimized on a Triple Quad 6500+ mass spectrometer by the individual infusion of each compound. To obtain the most intense signals of the precursor ions, the key parameters that influence the ionization procedure such as ionization mode, ion spray voltage, declustering potential, curtain gas, source temperature, ion source gas 1 (sheath gas), and ion source gas 2 (drying gas) were manually optimized in steps. For AME and TeA, the negative mode with a spray voltage of −4.5 kV generated the highest precursor ions, whereas the positive mode with a spray voltage of 5.5 kV was best for the other eight analytes. On this basis, the collision energy (CE) for each compound was tuned up individually to produce the most sensitive and stable product ions. Multi reaction monitoring (MRM) mode was used in mass detection including soft ionization, trapping precursor ions, fragmentation to product ions, and quantification. In this mode, transitions between a precursor ion and the two most abundant fragment ions were chosen for each analyte. More detailed information of the MRM parameters of the analytes are summarized in Table 1 . The peak areas of quantification ions were used to estimate the concentration. The abundance of the confirmation ions relative to that of the quantification ion was used as the identification criteria. The ratio should meet the requirement of Commission Decision 2002/657/EC. 
Chromatographic Separation
The baseline-separation of the 10 target compounds have not been previously reported. The key parameters that affect chromatographic behavior were carefully investigated including column, mobile phase (organic modifier), additives (ammonium acetate, ammonium formate, ammonium bicarbonate, and ammonium hydroxide) at different concentrations, flow rate, gradient program, and column temperature. The separation was achieved on a CORTECS C18 UPLC column, which enabled the satisfactory resolution and sharp peaks for all of the analytes. An organic modifier (acetonitrile or methanol) in the mobile phase has a very slight influence on the chromatographic separation. Due to the clean background signal, acetonitrile was preferred as the organic modifier. Ammonium acetate, ammonium formate, and ammonium hydroxide at different concentrations were evaluated as additives and did not contribute to the intensity of ENNs and BEA, but significantly affected the ion signals of ATs (see Figure 1) . It can be observed that the aqueous mobile phase containing ammonium acetate and ammonia gave rise to much better signals for all of the ATs. Particularly for TeA, 5 mmol/L ammonium acetate and 0.01% ammonia markedly enhanced the intensity more than three times higher than that of the other conditions. As a result, water with 5 mmol/L ammonium acetate and 0.01% ammonia (solvent A) and acetonitrile (solvent B) was chosen as the mobile phase for further optimization of the gradient program to achieve the satisfactory separation of all analytes. A representative chromatogram of the mixed standards of 10 emerging mycotoxins at 100 ng mL −1 is presented in Figure 2 .
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Sample Preparation
The extraction and clean-up procedure is the most important step in multi-mycotoxin methods, especially when various different types of complex food matrices need to be analyzed for a total diet study. In previous works, several solvents have been successfully used for the extraction of emerging mycotoxins from certain food matrices [51] [52] [53] [54] [55] [56] . Due to the weak acidity of TeA and AOH, a phosphate buffer (0.05 mol L −1 , pH 3.0) was used to prepare the extraction solvent to enhance the solubility of acid compounds in the acetonitrile/methanol/water (45/10/45) mixture.
Total diet samples contain diverse ingredients (fat, proteins, nutrients, carbohydrate, etc.) that may markedly influence the ionization of target compounds or increase the risk of clogging. Accordingly, a purification step that can remove most of the matrix interference and obtain a satisfying recovery of the target analytes is required. Several cartridges used in our previous works for mycotoxin extraction were evaluated including Mycosep 226, Oasis HLB, and Oasis C18 cartridges. The Mycosep 226 multifunctional cartridge is a one-step clean-up column that absorbs and removes the impurities while allowing the target analytes to pass through. This was successfully applied to the measurement of 33 mycotoxins in food samples from the 5 th China TDS [50] . Two types of conventional reverse-phase SPE cartridges, Oasis HLB and C18, are also powerful tools that have been widely used in mycotoxin analysis. Herein, the standard solution of 10 emerging mycotoxins was treated by the three cartridges to assess their recovery performance. According to the difference in adsorption theory and the manuals provided by the supplier, the three cartridges were operated following different protocols. For the HLB and C18 cartridges, a standard solution prepared in acetonitrile/water (10/90) was loaded, and 5 mL methanol/water solution (V/V = 20/80) was used to wash the cartridge followed by elution with 5 mL methanol and then 5 mL acetonitrile. The eluent was nitrogen-dried and reconstituted prior to UPLC-MS/MS analysis. For the Mycosep 226 cartridge, a standard solution prepared in acetonitrile/water (86/14) was allowed to pass through and was collected for the nitrogen-dried, reconstituted, and UPLC-MS/MS analysis. Figure 3 demonstrates the percentage recoveries obtained from the Mycosep 226, HLB, and C18 cartridges for the 10 emerging mycotoxins. The C18 cartridge presented high recoveries only for AOH, AME, ALT, and TEN. This 
Total diet samples contain diverse ingredients (fat, proteins, nutrients, carbohydrate, etc.) that may markedly influence the ionization of target compounds or increase the risk of clogging. Accordingly, a purification step that can remove most of the matrix interference and obtain a satisfying recovery of the target analytes is required. Several cartridges used in our previous works for mycotoxin extraction were evaluated including Mycosep 226, Oasis HLB, and Oasis C18 cartridges. The Mycosep 226 multifunctional cartridge is a one-step clean-up column that absorbs and removes the impurities while allowing the target analytes to pass through. This was successfully applied to the measurement of 33 mycotoxins in food samples from the 5 th China TDS [50] . Two types of conventional reverse-phase SPE cartridges, Oasis HLB and C18, are also powerful tools that have been widely used in mycotoxin analysis. Herein, the standard solution of 10 emerging mycotoxins was treated by the three cartridges to assess their recovery performance. According to the difference in adsorption theory and the manuals provided by the supplier, the three cartridges were operated following different protocols. For the HLB and C18 cartridges, a standard solution prepared in acetonitrile/water (10/90) was loaded, and 5 mL methanol/water solution (V/V = 20/80) was used to wash the cartridge followed by elution with 5 mL methanol and then 5 mL acetonitrile. The eluent was nitrogen-dried and reconstituted prior to UPLC-MS/MS analysis. For the Mycosep 226 cartridge, a standard solution prepared in acetonitrile/water (86/14) was allowed to pass through and was collected for the nitrogen-dried, reconstituted, and UPLC-MS/MS analysis. Figure 3 demonstrates the percentage recoveries obtained from the Mycosep 226, HLB, and C18 cartridges for the 10 emerging mycotoxins. The C18 cartridge presented high recoveries only for AOH, AME, ALT, and TEN. This could be because the polar compound TeA may have low adsorption on the C18 sorbent, while the ENNs and BEA might not be effectively eluted. For the Mycosep 266 cartridge, the recoveries of the 10 mycotoxins largely varied from 0% to nearly 100%, which was attributed to the retention on the sorbent and loss in the collected portion. The best recovery performance was obtained on the Oasis HLB cartridge, achieving optimal extraction recoveries of 76%~103% for all 10 emerging mycotoxins. Therefore, this cartridge was used in further optimization to be applicable to the 12 categories of food matrices. The final protocol was determined as stated in the Methods Section. It is noteworthy that filtration through a 0.22 µm filter membrane is commonly needed to remove the insoluble substances and particles prior to sample injection. However, AME, AOH, and ENNs can partially bind to several types of filter membrane, so centrifuging the reconstitution solution at 20,000 rpm for 30 min before UPLC-MS/MS analysis was recommended.
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Method Validation
Method validation was carried out according to the guidelines established by the EC [57] and EMEA [58] in terms of the determination of linearity, selectivity, limits of detection (LODs), limits of quantification (LOQs), accuracy (recoveries), and precision (intra and inter-day variability).
The linearity was assessed from a calibration curve ranging from LOQ~500.0 ng mL −1 for ATs and LOQ~50.0 ng mL −1 for the ENNs and BEA on three consecutive days by using linear regression with a 1/x weighting. All mycotoxins exhibited good linearity over the working range with the regression coefficient (R) ranging from 0.989 to 0.998 and the deviations within 15% of the nominal concentrations, indicating a good linear fit for all 10 analytes.
Selectivity represented the ability of a method to differentiate the target analytes and endogenous components in the matrices. This was proved by comparing blank matrices with spiked matrices at very low concentrations for all 12 food categories. No interference signal from the endogenous matrix components at the retention time of each analyte was observed, which demonstrated the high selectivity of the method.
Sensitivities (LOD/LOQ) of the assay were obtained by analyzing spiked food matrices at low levels. LOD was defined at a signal to noise (S/N) ratio of S/N = 3 and LOQ at S/N = 10. For LOQ, Figure 3 . Recovery using two SPE cartridges and a Mycosep 226 purification cartridge for 10 emerging mycotoxins (ALT, AOH, AME, TEN, TeA, BEA, ENNA, ENNA1, ENNBm and ENNB1) spiked at 100 ng mL −1 .
Sensitivities (LOD/LOQ) of the assay were obtained by analyzing spiked food matrices at low levels. LOD was defined at a signal to noise (S/N) ratio of S/N = 3 and LOQ at S/N = 10. For LOQ, both the accuracy and precision should also be within 20%. The sensitivities of each analyte were varied between the 12 food categories, which were better in a simple matrix such as cereal and beverages and lower in a matrix containing complex ingredients such as meat and meat products. AME, TEN, and BEA had similar LOQs ranging from 0.01 µg kg −1 to 0.2 µg kg −1 . The LOQs for TeA, AOH, and ALT were slightly higher between 0.1-1 µg kg −1 . The ENNs showed the best sensitivities with LOQs in the range of 0.001-0.05 µg kg −1 . The detailed information is listed in Table 2 and Table S1 , demonstrating a good sensitivity when compared to the previous methods as summarized in Table 3 . Table 2 . Sensitivity, extraction recovery, and matrix effect of the method for the 12 food categories. The apparent recovery (R A ), extraction recovery (R E ), and matrix effects (ME) were also evaluated to separately evaluate the sample preparation step and instrumental detection step using the following formulas [66] : 
Analyte
where A is the average peak area of the analyte in standard solution; B is the average peak area of the analyte in sample matrix spiked after sample preparation; and C is the average peak area of the analyte in the sample matrix spiked before sample preparation. The R E ranged between 51.3%~120.7% and matrix effects between 65.6% and 196.7% were obtained for all of the analytes in the 12 food categories ( Table 2) . The results demonstrated an effective analyte extraction, while on the other hand, stretched the need of IS compensation. The accuracy, expressed as the method recoveries (R M ), as well as the inter-day and intra-day precision were investigated at low, medium, and high spiking levels (2, 20, and 200 µg kg −1 for ATs and 0.2, 2, 20 µg kg −1 for ENNs and BEA) in a blank food matrix on three different days in six replicates with internal standards correction. Nearly all of the emerging toxins showed satisfying results in 12 food categories with recoveries between 70~130% and intra-day/inter-day precisions lower than 12%, except for certain ENNs at a very low concentration of 0.2 µg kg −1 in cereals, potatoes, and eggs, giving slightly higher recoveries reaching 164% (Table 4 ). This can be partially attributed to the lack of a corresponding isotope labeled standard for the ENNs group. So, 13 C-AFB1 with a similar polarity and sample preparation recovery was selected as the reference IS for the ENNs quantification. The TDS composite sample of each food category was made by blending the single samples after cooking with weights proportional to its consumption, which resulted in a more complicated matrix and a dilution of the target analytes. Therefore, high sensitivity and wide applicability are required for the analytical method used in the TDS. The validation parameters achieved in this section demonstrated a qualified method that could guarantee a reliable dietary exposure study and thereafter a risk assessment for emerging mycotoxins.
Application of the Method in the 6 th China TDS
The developed and validated method was used to identify the occurrence of 10 emerging mycotoxins in 60 food samples (five per each food category) within the 6 th China TDS. Due to the high sensitivity of the method, 75% of the 60 samples were positive for at least one emerging mycotoxin ranging from ppt to low ppb levels (Table 5 ). Additionally, all of the 12 food categories had detectable emerging mycotoxins, among which six categories (cereals and cereal products, legume and related products, potatoes and potato products, eggs and egg products, vegetables and vegetable products, and alcohol beverages) had a positive rate of 100% (detected in five out of five samples). Sugar and sugar products as well as beverages and water were rarely contaminated with these mycotoxins.
The most frequently found mycotoxins were TeA (45%), ENNB (43.3%), AME (36.7%), and BEA (33.3%) followed by TEN (28.3%), ENNB1 (28.3%), ALT (26.7%), ENNA (21.7%), and ENNA1 (13.3%), while AOH was not detected in any of the samples. For alternaria mycotoxins, the concentrations ranged from <LOD to a maximum value of 27.73 µg kg −1 for TeA, 27.53 µg kg −1 for TEN, 10.92 µg kg −1 for AME, and 8.77 µg kg −1 for ALT, much higher than the concentrations of ENNs, which ranged from <LOD to 1.55 µg kg −1 . It is also worth noting that the highest levels of TeA, TEN, BEA, ENNA, ENNA1, and ENNB1 were found in eggs and egg products, while cereals and cereal products contained the highest concentration of AME and ENNB. Therefore, eggs and cereals should be given more attention in future studies on emerging mycotoxin contamination and risk assessment. 
Conclusions
In this study, a sensitive and reliable UPLC-MS/MS method was developed to determine 10 emerging mycotoxins in 12 different food categories for the total diet study. The LODs and LOQs ranged from 0.0004 to 0.3 ng mL −1 and from 0.002 to 0.9 ng mL −1 , respectively. ENNs exhibited the best sensitivity. Most mycotoxins showed satisfactory accuracy ranging between 70%~130% in 12 food matrices, with intra-and inter-precision within 12%. After validation, the well-established method was successfully employed to study the occurrence of 10 mycotoxins in 60 food samples collected from five provinces within the 6 th China Total Diet Study, demonstrating its ultra-sensitivity and wide applicability. The preliminary results showed that except for AOH, all of the mycotoxins were detected in 13.3%~45% of the samples at ppt to low ppb levels mainly in eggs, cereals, legumes, potatoes, and the related products. These food categories need to be given more attention in the dietary exposure assessment of emerging mycotoxins.
Materials and Methods
Materials and Reagents
Certificated standard solutions of AOH, AME, TeA, BEA, TEN, ALT, and isotope labeled internal standards TEN-d 3 , 13 C 17 -TeA, and 13 C 17 -AFB2 were from Romer Labs (Tulln, Austria). ENNs (ENNA1, ENNA, ENNB1, and ENNB) were purchased from PriboLab (Biopolis, Singapore) and stored at −40 • C in the dark. Acetonitrile and methanol were of LC-MS grade; formic acid, ammonium formate, aqueous solution of ammonium hydroxide (25%), ammonium hydrogen carbonate, and ammonium dihydrogen phosphate were of HPLC grade (Fisher Scientific, Leicestershire, UK). The other chemicals or reagents were of analytical grade or better. A mixed standard solution consisting of 5 µg/mL of ATs and 0.5 µg/mL of ENNs and BEA, and a mixed internal standard solution containing 25 ng/mL of 13 C 17 -AFB2, 0.5 µg/mL of 13 C 17 -TeA, and 0.5 µg/mL of TEN-d 3 were prepared in acetonitrile and stored at −40 • C in the dark. These stock solutions were then diluted with the original mobile phase to obtain the appropriate working solutions and wait for the UPLC-MS/MS analysis. The solvent for the sample extraction was prepared by mixing 450 mL acetonitrile, 100 mL methanol, and 450 mL of 0.05 mol L −1 phosphate buffer (ammonium dihydrogen phosphate, pH 3.0). The Oasis HLB SPE columns (6 mL with 200 mg stationary phase) were obtained from Waters (Milford, MA, USA).
Food Consumption and Sampling
Food consumption survey was conducted in 24 provinces (municipalities, autonomous region). Six survey sites (two urban sites and four rural sites) were required for provinces with a population of more than 50 million, while there were three survey sites (one urban site and two rural sites) in other provinces. At each site, 30 households were randomly selected to finish both a household survey by a weighing plus 3-day accounting method and an individual survey by a 3-day 24-hour dietary recall method. Food aggregation and consumption of each food item were obtained from the survey.
On this basis, food samples were collected from local food markets such as vegetable markets, grain shops, farmer's markets, or rural households in each sampling site, and then prepared according to the recipes following the local culinary habits. The composite of each food category was made by blending the prepared food with weights proportional to the average consumption in each province. These provincial composite samples were properly labeled and stored at −20 • C for analysis.
Preparation of Standard Serials and Quality Control Samples
The calibration standard solutions at levels of 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50, 100, 200, and 500 ng/mL for ATs and 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, and 50 ng/mL for ENNs and BEA were made by serial dilutions of the mixed stock solution with acetonitrile/water (10/90, v/v). Each solution contained 10 ng/mL 13 C-TeA, 10 ng/mL TEN-d 3 , and 0.5 ng/mL 13 C-AFB2.
To ensure the accuracy of the analysis, three test samples from each batch of 20 samples were randomly selected and spiked with known amounts of the target analytes, serving as the quality control (QC) samples. The recoveries of the QC samples should be between 60-140% according to the EC guidelines [67] .
Sample Preparation
After spiking with the isotope internal standards ( 13 C-TeA, TEN-d 3 and 13 C-AFB2), 2 g of food sample was incubated with 9 mL of extraction solution for 0.5 h at room temperature, ultrasonized for 0.5 h, and centrifuged at 9000 rpm for 10 min. Exactly 5 mL of the supernatant was mixed with 15 mL 0.05 mol L −1 phosphate buffer (ammonium dihydrogen phosphate, pH 3.0). After vortex-mixing for 30 s, the resulting mixture was loaded onto an Oasis HLB SPE column and allowed to pass through the sorbent slowly. The column was sequentially washed with 5 mL of methanol/water solution (V/V = 20/80) and eluted with 5 mL methanol and then 5 mL acetonitrile. A total of 10 mL of the eluent was nitrogen-dried at 40 • C, reconstituted in 1 mL acetonitrile/water (V/V = 10/90), vortexed for 30 s, and centrifuged at 20,000 rpm for 30 min to collect the supernatant prior to LC-MS/MS analysis.
LC-MS/MS Analysis
Analysis was carried out on an Exion LC AD™ System (AB SCIEX, Concord, Ontario, Canada) coupled to a Triple Quad 6500+ mass spectrometer (AB SCIEX). The instrument operation was performed on Analyst ® software and the data processing was analyzed on MultiQuant™ software.
Chromatographic Condition
Chromatographic separation of 10 emerging mycotoxins was performed on a UPLC column (CORTECS™ C18, 2.1 × 100 mm, 1.6 µm) under a gradient elution. Acetonitrile (solvent A) combined with aqueous solution containing 5 mmol L −1 ammonia acetate and 0.01% ammonium hydroxide (solvent B) served as the mobile phase. After an initial time of 1 min at 8% A, the proportion of A was increased linearly to 35% from 1-4 min, and then increased to 74% within 2 min, held at 74% for 1.5 min, and then increased to 100% within 0.5 min and held for 3 min, finally reduced to 8% within 0.1 min and held for 4 min, with the total runtime of 15 min. The flow rate was set at 0.4 mL/min. The column was maintained at a constant temperature of 50 • C while the temperature of the autosampler was kept at 10 • C.
Mass Spectrometry Condition
The detection and analysis were performed on a Triple Quad 6500+ mass spectrometer, equipped with an ESI source. The instrument parameters in MRM mode in both positive and negative ionization were optimized for each analyte by scanning two fragmentation pathways with the parameters including cone voltage (CV) and collision energies (CE) given in Table 1 . Other settings were as follows: curtain gas, 20 psi; source temperature, 450 • C; ion spray voltage, −4500 V and +5500 V, respectively; ion source gas 1 (sheath gas) 60 psi; ion source gas 2 (drying gas) 55 psi; collision gas (nitrogen) medium.
Method Validation
Validation of the method was evaluated referring to the guidelines defined by the European Communities (EC) [57] and European Medicines Agency (EMEA) [58] concerning linearity, accuracy, precision, and sensitivity. Accuracy was investigated from the method recovery (R M ) at three spiking levels in 12 types of food matrices with internal standard correction.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/3/166/s1, Table S1 : Sensitivity, extraction recovery, and matrix effect of the method for each food category. Table S2 : Accuracy and precision of the method for each food category.
